Motivated by the experimental study of J/ψ → γ + invisible decay by the CLEO Collaboration, we analyze the process J/ψ → γνν, as the standard model background for this invisible decay, at the lowest order. Our investigation shows that Br(J/ψ → γνν) is far below the present experimental upper limit on the branching ratio of J/ψ → γ + invisible, which indicates that some interesting room for new physics in this channel might be expected. We also present a similar analysis of the η c → γνν decay. †
Charmonium radiative decay has long been an interesting topic for theoretical and experimental investigations. The decay mode J/ψ → γ + X, where X is a narrow state that is invisible to the detector, has been analyzed by the CLEO Collaboration [1] , and the upper limit on the branching ratio has been reported, which could reach 6.3 × 10 −6 at the 90% confidence level. It is generally thought that the invisible particle X could be the neutrino in the standard model, and also the new one outside the standard model, which may be the light candidate of dark matter or other exotic particles from some new physics scenarios. Theoretically, in Ref. [2] , J/ψ decays into a photon and Kaluza-Klein excitations of the graviton, induced by large extra dimensions formalism, have been discussed and a branching ratio around 10 −5 may be expected. Thus, studies of quarkonium radiative decay to invisible final states may help us to explore the novel dynamics or provide some useful constraints on some models beyond the standard model.
Motivated by the experimental and theoretical efforts mentioned above, in this paper we will compute the standard model contribution to J/ψ → γ + invisible; namely, we shall focus on the analysis of the decay J/ψ → γνν since only neutrinos are invisible particles in the standard model. Only after we fully understand its standard model background can the future precise experimental investigations of the J/ψ → γ + invisible decay possibly provide us with some interesting information on new physics. To our knowledge, this analysis has not been done yet. We will also present a similar analysis of η c → γνν decay.
We consider the decay in the rest frame of J/ψ,
where momenta are given in brackets. In the standard model, the lowest-order contribution to the process is from the transition J/ψ → γZ * with Z * converted into the neutrino pair, which has been shown in Fig. 1 . Vertices in these diagrams are given by the neutral current interactions guiding dynamics of the photon and Z boson couplings to fermions, which can be expressed as
with J
and
where e is the coupling constant of electromagnetic interaction, g is the SU(2) L coupling constant, θ W is the Weinberg angle, and f denotes fermions including leptons and quarks. Also g
, where Q f is the charge, and T f 3 is the third component of the weak isospin of the fermion. For the charm quark and the neutrino, we know g
On the other hand, one can easily find that the diagrams in Fig. 1 actually depict the partonic level transition c(p c )c(pc) → γ(q) + Z * (k) with k = p 1 + p 2 . In order to obtain their contributions to the hadronic decay amplitude, one has to project the quark pair into the corresponding hadron state. For J/ψ, the only one hadron in the process, a good approximation is to use the nonrelativistic color-singlet model [3] . In this model the quark momentum and mass are taken to be one half of the corresponding quarkonium momentum and mass, which means p c = pc = P/2 and m J/ψ = 2m c . Thus, for the cc pair to form J/ψ, it should be projected into a vector color-singlet state, and one can replace the combination of the Dirac and color spinors for c andc by the following projection operator [4, 5] :
where ǫ µ J/ψ is the polarization vector of J/ψ, and I c is the 3 × 3 unit matrix in color space. ψ J/ψ (0) is the wave function at the origin for the J/ψ state, which is a nonperturbative parameter. Likewise, for the η c state, one can adopt the projector as follows:
Now let us commence with the decay amplitude of J/ψ → γνν. Direct calculation, by employing eqs. (5), (2), (3) and (4), will lead to
where ǫ * ν (q) is the polarization vector of the photon. Note that the momentum square of the virtual Z boson k 2 ≪ m 2 Z , we have made an approximation by the replacement 1
for the Z propagator, and
has been used in the derivation. Since charge conjugate invariance requires the axial coupling between the Z boson and charm quark in Fig. 1 , only g can check the Appendix for some details in deriving of the amplitude. Thus the differential decay rate of J/ψ → γνν, in terms of E γ , the photon energy in the rest frame of J/ψ, can be written as
where α em = e 2 /4π, and the range of the variable is given by
In deriving eq. (10), we have taken the relation k
, and the tiny neutrino mass has been set to zero. The decay spectrum given by eq. (10) has been plotted, as the function of the photon energy E γ , in Fig. 2 . The advantage of plotting the distribution is that the nonperturbative parameter ψ J/ψ (0) naturally cancels out in the normalized decay spectrum. One can find that it will get the maximum in the spectrum when E γ is taken to be half of the J/ψ mass.
After integrating over E γ in the differential rate of (10), one can get the desired partial width as
in which three flavors of neutrinos have been summed. As the lowest-order evaluation, it is conventional to introduce the normalized decay rate of J/ψ → γνν, defined as normalized to the partial width of J/ψ decaying into a charged lepton pair (e + e − or µ + µ − ). The lowest-order contribution to this decay rate, as depicted in Fig. 3 , can be similarly computed, which is given by
This leads to
Using the experimental data of Br(J/ψ → ℓ + ℓ − ) = (5.94 ± 0.06)% for ℓ = e or µ in Ref. [6] , we have Br(J/ψ → γνν) = 0.7 × 10 −10 ,
which is quite small, comparing with present upper limit on the branching ratio of 6.3×10 −6 , reported by the CLEO Collaboration [1, 6] . This indicates that some interesting room for new physics in the decay J/ψ → γ + invisible might be expected. Although eq. (15)is from the lowest-order calculation, it is reasonable to assume that high-order corrections would not change it very greatly, at least for its order of magnitude.
Next let us deal with pseudoscalar charmonium decay η c (P ) → γ(q)ν(p 1 )ν(p 2 ). In the standard model, the lowest-order contribution to the decay is also from the transition η c → γZ * → γνν, and the corresponding diagrams are the same as Fig. 1 . Analogously to the J/ψ case and employing the projector (6) for η c , one can obtain the decay amplitude
where k = p 1 + p 2 denotes the momentum of the virtual Z boson. Straightforwardly, we get the partial width of the process
where g ν V = 1/2 and g c V = 1/2 − 4/3 sin 2 θ W have been taken. Similarly, in order to get rid of the nonperturbative factor ψ ηc (0), we define the normalized decay rate as It is easy to evaluate the lowest-order contribution to the decay rate of η c → γγ, as depicted in Fig. 4 , which reads
Consequently,
Taking the data Br(η c → γγ) = (1.57 ± 0.12) × 10 −4 [6] , we obtain
This is really a very small branching ratio.
In conclusion, charmonium radiative decay J/ψ → γνν, which is the standard model contribution to the J/ψ → γ + invisible decay, has been computed at the lowest order. The nonrelativistic color-singlet model has been employed for the charmonium hadron state. Our study shows that Br(J/ψ → γνν) is 0.7 × 10 −10 , which is far below the present upper limit on the branching ratio of J/ψ → γ + invisible, reported by the CLEO Collaboration. This means that substantial room for new physics may exist in this process. Therefore, in future precise experiments, such as the super tau-charm factory, the J/ψ → γ + invisible decay could be an interesting channel in searching for new physics scenarios beyond the standard model. We also carry out a similar analysis of the mode η c → γνν, as the standard model background for the η c → γ + invisible decay. It is found that its branching ratio is strongly suppressed.
